The developing vertebrate nervous system arises from ectoderm in response to inductive signals from the dorsal mesoderm, or Spemann organizer. It displays pronounced anteroposterlor (AP) pattern, but the mechanism that generates this pattern is poorly understood. We demonstrate that the inducing ability of dorsal mesoderm is regionalized along the AP axis at the early gastmla stage, using the homeodomain-encoding genes Xunf-2 and en-2 as markers of anterior and mid-neural pattern, respectively. In addition, we show that changing the size ratio of posterior dorsal mesoderm to responding ectoderm affects the type of AP pattern induced. A low ratio leads to induction of anterior neural pattern, while a high ratio leads to expression of only mid-neural pattern. These and other results indicate that a quantitative mechanism specifies AP neural pattern.
Introduction
The developing nervous system of amphibians and other vertebrates displays pronounced anteroposterior (AP) pattern. Early in development, it becomes divided into forebrain, midbrain, hindbrain and spinal cord, and even before these regions become physically apparent there is a clear AP pattern of gene expression (Kintner, 1992) . How this pattern arises has been a long-standing question in developmental biology. Neural development, including AP pattern, is induced in the dorsal ectoderm by signals from the dorsal mesoderm, or Spemann organizer (Spemann, 1938) . Without these signals, the dorsal ectoderm develops into epidermis. Neural induction occurs during gastrulation, when the dorsal mesoderm moves inside the embryo beneath the dorsal ectoderm, or future neural plate (Eyal-Giladi, 1954; Jacobson and Rutishauser, 1986; Sive et al., 1989; Sharpe and Gurdon, 1990; Saba and Grainger, 1992) . Inducing signals can reach the ectoderm via two routes during gastrulation.
They can pass vertically from the involuted dorsal mesoderm to the overlying dorsal ectoderm (presumptive neurectoderm), or they can pass within the plane of tissue from the dorsal mesoderm, across tbe mesoderm/ectoderm border to the dorsal ectoderm. Experiments have shown that vertical (for review, see Slack and Tannabill, 1992) and planar (Nieuwkoop, 1952; Ruiz i Altaba, 1990; Doniach et al., 1992; Ruiz i Altaba, 1992; Papalopulu and Kintner, 1993; Blitz and Cho, 1995; Matbers et al., 1995) signals can induce AP neural pattern in competent ectoderm. It is proposed that both vertical and planar signals are acting during normal development (for reviews, see Doniach, 1993; Ruiz i Altaba, 1994) .
Classical experiments with newt embryos indicated that information for the induction of AP neural pattern is regionalized in the dorsal mesoderm, at least at the end of gastrulation. This was first shown by Mangold (1933) who tested dorsal mesoderm from early neurulae and found that anterior dorsal mesoderm generally induced anterior (head) neural tissue, while posterior dorsal mesoderm generally induced posterior (spinal cord) neural tissue, in uninduced ectoderm that was juxtaposed with it. Subsequently, these results have been supported by experiments of several investigators using newt embryos (e.g. Ter Horst, 1948; Sala, 1955) and more recently using late gastrulae and early neurulae of the frog Xenopus luevis (Hemmati-Brivanlou et al., 1990; Sharpe and Gurdon, 1990; Saha and Grainger, 1992) . The regionalization state of neural inducing ability in the dorsal mesoderm earlier in gastrulation is less well understood, with some experiments indicating that the dorsal mesoderm is not clearly regionalized at the mid-gastrula stage (Saha and Grainger, 1992) while others indicating that it is (Sharpe and Gurdon, 1990) .
What is the mechanism by which AP neural pattern is induced?
Based on experiments with newt embryos, Sax& and Toivonen (Sax&, 1989) and Nieuwkoop (1952) both proposed 'two signal' gradient models to explain this phenomenon.
For simplicity, the model is described using Nieuwkoop's terminology. In this model, one signal, the activator, induces anterior neural tissue. It is produced throughout the AP axis by the dorsal mesoderm. The second signal, the transformer, acts as a morphogen to transform the anterior neural tissue to posterior neural tissue in a concentration-dependent or proportional manner, with higher amounts inducing progressively more posterior neural tissue. This signal is distributed in a concentration gradient in the chordamesoderm with the high point at the posterior end, and it is absent from the head mesoderm.
We were interested in determining whether there is evidence for such a gradient mechanism in Xenopus embryos. Experiments specifically addressing this question were originally done with newts (Ter Horst, 1948; Nieuwkoop, 1952; Sala, 1955; Toivonen and Sax&, 1968) using mesoderm from neurula stage embryos. We wished to test the gradient model directly using mesoderm from Xenopus early gastrulae, when neural induction is first beginning. In our experiments, we first tested the regional inducing capacity of dorsal mesoderm. Using vertical tissue recombinates of mesoderm with ventral ectoderm (i.e. sandwiched together) we found that anterior and posterior mesoderm from the early gastrula have different inducing abilities: anterior mesoderm induced predominantly anterior neural pattern and sometimes midneural pattern, as judged by expression of the homeobox genes Xunf-2 (Mathers et al., 1995) and en-2 (HemmatiBrivanlou and Harland, 1989) , respectively. In contrast, posterior mesoderm only rarely induced anterior neural pattern, while it induced mid-neural pattern with high frequency. To test the gradient model directly, we lowered the amount of posterior mesoderm relative to the ventral ectoderm. This resulted in a high frequency of anterior neural pattern, with some decrease in the frequency of mid-neural pattern. These and other experiments support the hypothesis that a quantitative mechanism, such as a concentration gradient of inducer(s), provides information for the induction of AP neural pattern in Xenopus embryos.
Results

The dorsal mesoderm shows regionulized inducing ability at the early gustrulu stage
In our first experiments, we examined the inducing ability of different regions of the dorsal mesoderm from the early gastrula. To do this, we combined anterior or posterior dorsal mesoderm with ventral ectoderm from early gastrulae (Fig. lA, Section 4. 3). Ventral ectoderm was used because it is competent to respond to neural inducing signals and yet it lacks the positive bias towards neural differentiation found in dorsal ectoderm (Sharpe et al., 1987; Savage and Phillips, 1989; Otte et al., 1991) . After culturing until stage 20-24 (pre-tailbud stages), each recombinate was examined for expression of three regional marker genes, Xunf-2 and en-2 and HoxB9 using triple-labelled whole-mount in situ hybridization ( neurula stages and becomes restricted to the anlage of the anterior pituitary in the late neurula stages (Mathers et al., 1995) ; we used it as a marker of anterior neural pattern. en-2 is expressed in bilateral bands at the midbrain/hindbrain border (Hemmati-Brivanlou and Harland, 1989); we used it as a marker of mid-neural pattern. HoxB9 (formerly XlHbox 6 (Wright et al., 1990) ) is expressed in both posterior neural tissue (presumptive spinal cord), and posterior mesoderm near the ectoderm border (Doniach et al., 1992) . We used it as a marker for the posterior end of recombinates, since we could not distinguish in all cases the precise source of expression. The mesoderm was labelled with a lineage tracer (Section 4.2) so that its location in the recombinates could be followed.
In recombinates containing anterior mesoderm (Figs lB, 2B), the anterior marker Xunf-2 was expressed with high frequency (87%, n = 30). The mid-neural marker en-2 was also expressed in half of the recombinates (48%, n = 23). Expression of the posterior marker, HoxB9, was detected in 39% (n = 30) of the recombinates. In contrast, recombinates containing posterior mesoderm rarely expressed Xunf-2 (6%, n = 33), while they expressed en-2 with relatively high frequency (76%, n = 29) (Figs. lB, 2C). HoxB9 was expressed in almost all (97%, n = 33) of these posterior recombinates.
In both types of recombinates, marker genes were expressed in discrete, nonoverlapping regions indicating that there was organized pattern within the ectoderm (Fig. 2B,C) . Ventral ectoderm cultured alone did not express either marker (O%, n = 23) (not shown). These resuits indicate that the anterior and posterior mesoderm from early gastrulae show distinctly different abilities to induce expression of the anterior marker Xunf-2.
The expression of the posterior and mid-neural markers in the recombinates containing anterior mesoderm correlated with the presence of a slight elongation or protrusion, and these markers were expressed in (HoxB9) or near (en-2) this protrusion. In contrast, those expressing only the anterior marker Xanf-2 were round. We propose the following explanation for these results. According to the fate map of the early gastrula stage (Keller, 1976) and explantation experiments (Doniach et al., 1992 ) the anterior mesoderm that we used contained noninvoluted presumptive head mesoderm, which does not undergo convergent extension (elongation) (Winklbauer, 1990) . In addition, depending on the position of the cut between anterior and posterior pieces of mesoderm, anterior mesoderm pieces could have included presumptive chordamesoderm, which does undergo convergent extension (Keller and Danilchik, 1988) . Thus we take these results to indicate that chordamesoderm was present in the anterior mesoderm recombinates with protrusions. Therefore we propose that the presence of chordamesoderm was correlated with the induction or expression of en-2 and HoxB9 in addition to Xunf-2, while the absence of it (or morphological evidence of it) was correlated with the expression of Xunf-2 alone. In contrast to the anterior recombinates, those with posterior mesoderm elongated extensively, as expected from the chordamesodermal fate of mesoderm from this region (Keller, 1976) .
In summary, these results indicate that the anterior and posterior dorsal mesoderm show differences in inducing ability at the early gastrula stage, with anterior mesoderm inducing anterior neural pattern and some mid-neural pattern, and the posterior mesoderm inducing mainly mid-neural pattern. The gene expression patterns and morphology we observed also reflect the regional differences in inducing ability of the mesoderm, and indicate that AP pattern had been induced within both types of recombinate.
6 Fig. 2 . Examples of mesoderm/ectoderm vertical recombinates expressing Xanf-2 (magenta stain, black arrows), en-2 (blue-black stain, asterisks), HoxB9 (turquoise stain, arrowheads) detected with whole mount, triple in situ hybridization.
Recombinates were made from early gastrula (stage IO-lot) mesoderm and ectoderm (see 
Lowering the posterior mesoderm to ventral ectoderm ratio leads to induction of anterior neural pattern
The above results indicated that the anterior and posterior mesoderm show different inducing abilities, especially with respect to Xanf-2, and we postulated two alternative mechanisms to explain them: (1) a strictly qualitative mechanism in which each element of AP neural pattern is induced by a different inducer or (2) a quantitative mechanism in which different quantities of the same inducer(s) specify different AP elements of neural pattern.
If there is a quantitative mechanism in which high inducer levels induce mid-neural pattern and low amounts induce anterior neural pattern, then lowering the amount of posterior mesoderm might lead to a more anterior type neural pattern. However, if the qualitative model is accurate, then this should have no effect on the AP pattern induced by the posterior mesoderm. To distinguish between these two alternatives, we lowered the amount of posterior mesoderm relative to the ectoderm.
We cut pieces of posterior mesoderm in half (along the dorsal midline) or in thirds (mediolaterally) and combined them vertically with ventral ectoderm (Fig. 1A) . Strikingly, when the quantity of posterior mesoderm was reduced, the frequency of Xanf-2 expression rose substantially: 47% (n = 17) of recombinates with half-sized pieces of posterior mesoderm and 38% (n = 60) of recombinates with one-third sized pieces expressed Xanf-2 (Fig. 1C ). In addition, the frequency of en-2 expression was reduced, being detectable in 41% (n = 32) of the recombinates with one-third sized posterior mesoderm (it was not scored in the p/2 recombinates) (Fig. 1C ). These recombinates were much less elongated than those containing a full-sized piece of posterior mesoderm; some were not elongated at all (Fig. 2D) . In some recombinates, some or all of the ectoderm expressing these markers was not in direct contact with the lineage-labelled mesoderm ( Fig. 2D ,E). This shows that the ectoderm was the site of expression of these genes, and therefore that their expression had been induced in the ectoderm by the mesoderm. In these cases, the mesoderm was in contact with the more posterior portions of the recombinate. However, for a given type of recombinate, there was no apparent correlation between the degree of contact between the mesoderm and ectoderm and the markers expressed. Finally, there was no difference between medial and lateral thirds with respect to their ability to induce Xanf-2; 30% (n = 10) of recombinates with medial posterior mesoderm and 39% (n = 18) of those with lateral posterior mesoderm expressed Xanf-2. Thus, lowering the relative amount of posterior mesoderm relative to ventral ectoderm led to a more anterior type of neural pattern induced, consistent with a quantitative mechanism.
Another way to lower the mesoderm/ectoderm ratio is to increase the size of the ectoderm relative to the mesoderm. To do this, we isolated large sheets of ectoderm that included ventral ectoderm and ectoderm from the animal pole, and combined these with full-sized pieces of lineage-labelled posterior mesoderm (Figs. lA,C and 2F,G; Section 4.3). The frequency of Xanfi2 expression was significantly higher in these recombinates (83%), while that of en-2 was relatively lower (48%, n = 23) than in recombinates which contained full-sized posterior mesoderm with ventral ectoderm alone. Thus, these results indicate that lowering the mesoderm/ectoderm ratio by increasing the size of the ectoderm also leads to the induction of more anterior pattern.
As a control, we tested animal pole ectoderm with posterior mesoderm, in case the response of animal pole ectoderm was significantly different than that of ventral ectoderm. In these recombinates, Xanfi2 was expressed in 15% and en-2 was expressed in 69% (n = 26). This indicates that animal pole ectoderm is slightly more responsive than ventral ectoderm. Animal pole ectoderm cultured alone did not express any of the markers (08, n= 11).
In summary, lowering the mesoderm/ectoderm ratio led to increased frequency of expression of the anterior neural marker Xanf-2, and decreased frequency of expression of the mid-neural marker en-2. These results are consistent with the hypothesis that a quantitative mechanism specifies AP neural pattern.
Anterior and posterior mesoderm together induce anterior neural pattern
While the above results support a quantitative mechanism, they do not indicate the number of signals involved, even at a formal level. In order to begin to address this issue we combined a continuous piece of anterior and posterior mesoderm together with ventral ectoderm, to determine whether or not the anterior marker, Xanf-2, would be induced in these circumstances. If there is only one signal, this combination might be expected to raise the total level of inducer, which would lead to the induction of more posterior and less anterior neural pattern. In contrast, if there is an additional anterior inducer that is present in both the posterior and anterior mesoderm, then this combination might lead to the induction of more anterior neural pattern, since the total amount of anterior inducer would be greater when both anterior and posterior mesoderm are present. A majority of these recombinates (71%, n = 7) expressed Xanf-2 (Fig. 1D ) (en-2 expression was not assayed). These results indicate that the presence of anterior mesoderm is sufficient to allow Xanf-2 expression in the presence of posterior mesoderm, and can be interpreted as supporting a two signal model. 
Spatial pattern of gene expression in relation to amount of mesoderm and ectoderm
If an inducer gradient along the AP axis dictates AP neural pattern, then there is expected to be a spatial relationship between inducer concentration and position of marker expression. To investigate this possibility we measured the position of gene expression along the AP axis of recombinates with differing amounts of mesoderm and ectoderm from a single experiment (Table 1 ; Fig.  3A ). On average, the distance between the posterior end of the recombinate and the band of en-2 expression was about half the length in recombinates containing a onethird sized piece of posterior mesoderm than in those containing full-sized posterior mesoderm, regardless of the size of the ectoderm (51% of that in recombinates with ventral ectoderm, and 48% of that in recombinates with ventral plus animal pole ectoderm). Some of this difference in position could be due to differing amounts of elongation resulting from convergence and extension driven by the posterior mesoderm (Keller et al., 1992a) , with larger amounts of posterior mesoderm leading to greater convergence and extension. However, if this were the case, then the distance between en-2 expression and the anterior,end of the explant would be expected to be similar in explants consisting of ventral ectoderm with either full-sized or one-third sized mesoderm. This is because convergent extension occurs predominantly in the posterior part of the axis, posterior to en-2 expression, which is at the midbrain-hindbrain boundary. This was not the case; en-2 expression was actually closer to the anterior end when full-sized posterior mesoderm was present compared to one-third sized posterior mesoderm (average 120pm versus 239 pm, respectively). These data suggest that the AP pattern of gene expression is physically shifted posteriorly when the amount of mesoderm is low, and support a gradient model. In addition, the average distance between en-2 and Xanf-2 expression was smaller in the recombinates containing one-third sized mesoderm and ventral ectoderm compared to those with full-sized mesoderm and ventral plus animal pole ectoderm. This also consistent with a gradient mechanism.
Dorsal ectoderm shows a more anterior response than ventral ectoderm
The above experiments used ventral ectoderm as a responding tissue, which was clearly competent to express both neural markers that we tested. We also tested the response of dorsal ectoderm, since it has been found to respond differently than ventral ectoderm. It is more responsive to neural inducing signals from dorsal mesoderm (Sharpe et al., 1987; Savage and Phillips, 1989; Otte et al., 1991) and it shows a more anterior response to the mesoderm inducing factor activin, in terms of the types of mesoderm and neural tissue induced (Ruiz i Altaba and Jessell, 1991; Sokol and Melton, 1991; Bolce et al., 1992) . Finally, it shows lower levels of expression of BMP4, which promotes the epidermal pathway and inhibits the neural pathway of development (Fainsod et al., 1994; Wilson and Hemmati-Brivanlou, 1995; Holley et al., 1995) .
We found that in recombinates of posterior mesoderm with dorsal ectoderm (Fig. 1 A) , the anterior marker Xanf 2 was expressed at a somewhat higher frequency (26%, n = 42) than in recombinates with ventral ectoderm (Fig.  4A-C) . The mid-neural marker en-2 was also induced (86%, n = 35) at a similar, if slightly higher, frequency than in recombinates with ventral ectoderm. These results indicate that dorsal ectoderm itself has a more anterior response to neural inducing signals from posterior mesoderm than does ventral ectoderm.
We also tested a lower amount of posterior mesoderm by combining one-third sized pieces of posterior mesoderm with dorsal ectoderm. In these recombinates, Xanf-2 was expressed in 82% of the recombinates, and en-2 was expressed in only 41% (n = 22) of them (Fig. 4A) ; 50% of the recombinates expressed only Xanf-2 and not en-2 (33% expressed both markers). These genes were often expressed in ectoderm that was not in direct contact with the mesoderm (Fig. 4D,E) . These results support the hypothesis that dorsal ectoderm has a more anterior neural response than ventral ectoderm. Further, they are consistent with the hypothesis that a quantitative mechanism specifies AP neural pattern.
Discussion
I. Regionalization of the organizer at the beginning of gastrulation
Our results indicate that the inducing ability of the dorsal mesoderm, or organizer, is regionalized along the AP axis at the early gastrula stage, especially with respect to its ability to induce the anterior neural marker Xanf-2. This is the earliest stage that regionalization of neural inducing ability has been found in the dorsal mesoderm. Sharpe and Gurdon (1990) found that the dorsal mesoderm showed regionalized neural inducing ability at the mid-gastrula stage, using different regional neural markers, in agreement with our results. However, Saha and Grainger (1992) found that there were no qualitative differences in neural inducing ability at the mid-gastrula stage. It is unclear why their results contradict ours and those of Sharpe and Gurdon, but it is possible that the differences can be explained by technical differences in culture or assay methods.
A quantitative mechanism appears to specify AP neural pattern
To test whether a quantitative mechanism might be responsible for the differences in inducing ability of the anterior and posterior dorsal mesoderm, we varied the size ratio of posterior mesoderm relative to uninduced ectoderm. Lowering the amount of posterior mesoderm led to a higher frequency of expression of the anterior marker, Xanf2, as did increasing the size of the ectoderm. At the same time, the frequency of expression of the midneural marker, en-2, was decreased when the mesoderm size was reduced. The size of the ectoderm was increased by using a continuous sheet of ventral and animal pole ectoderm. The animal pole tissue alone showed a slightly higher frequency of Xanf-2 expression when combined with posterior mesoderm, indicating that it was not exactly the same as ventral ectoderm alone. However, the frequency of Xanf-2 expression was substantially higher when both animal pole ectoderm and ventral ectoderm were combined together with posterior mesoderm, indicating that it was the larger size rather than the type of ectoderm that was responsible for the difference in pattern of gene expression. These results are consistent with a quantitative mechanism specifying AP neural pattern, since the type of AP neural pattern induced was influenced by varying the mesoderm/ectoderm size ratio. Formally, our results can be explained by gradient models with either one or two signals. In a one signal model, the inducer specifies all elements of AP pattern, depending on the concentration (Fig. 3B ). In the two signal model, as proposed by Sax& and Toivonen (Saxen, 1989) and Nieuwkoop (1952) one signal (the neuralizing inducer or activator) initiates anterior neural development, and is produced throughout the dorsal mesoderm. The second inducer (the mesodermalizing inducer or transformer) is present in an AP gradient, and converts the anterior neural tissue into progressively more posterior neural tissue with increasing concentration (Fig. 3C) . Nieuwkoop (1952) argued that there are two signals based on results with newt embryos, indicating that more total neural tissue was induced by anterior mesoderm than posterior mesoderm (see Slack and Tannahill, 1992; Doniach, 1993) . The results of our experiments combining anterior and posterior dorsal mesoderm with ventral mesoderm also lend support to a two signal model. In the majority of these recombinates, the anterior marker Xanf-2 was detected. If there were only one signal, then this combination might be expected to raise the total amount of inducer available to the ventral ectoderm (which is of limited size), and thereby lead to more posterior, not more anterior neural pattern. Alternatively, the anterior mesoderm could itself be a sink for or could block the function of the inducer emanating from the posterior mesoderm. However, that anterior pattern was induced can also be interpreted to indicate that there is a second, active anterior inducer in the anterior mesoderm which can counteract the posteriorizing effects of the posterior mesoderm.
3.3, Mechanistic clues from the spatial pattern of gene expression
Our results suggest that while it is the size ratio of posterior mesoderm to ventral ectoderm that determines the anterior extent of the AP neural pattern, it is the absolute amount of posterior mesoderm that correlates with the position of marker gene expression along the AP axis of the recombinates (Table 1 and Fig. 3A) . In other words, lowering the amount of posterior mesoderm led to a shift in position of marker expression towards the posterior end of the recombinates. This posterior shift is not due only to a reduced amount of convergence and extension in recombinates containing less mesoderm, since the decrease in distance from the posterior end was also accompanied by an increase in distance from the anterior end.
If interpreted in terms of the two signal model, these results can be viewed as a manifestation of the behaviors of the activator and transformer in the ectoderm. According to this model, in the recombinates, the activator and transformer would enter the ectoderm vertically and then they, or secondary inducers, would spread through the plane of the ectoderm, such that the activator spreads further than the transformer, and the transformer forms a gradient with a high point proximal to the source. (If the mesoderm fully covers the ectoderm, then the high point will be in the mesoderm that produces the most transformer, at the original posterior end.) When full-sized mesoderm is combined with ventral ectoderm, the amount of transformer would be too high overall to allow Xanf-2 induction, but would reach a low enough level at a certain distance from the posterior end of the recombinate to induce en-2 expression (Fig. 3C) . However, when the ectoderm size is increased by adding animal pole ectoderm, the activator could spread further and 'escape' from the transformer, thereby also inducing Xanf-2. Similarly, when the amount of mesoderm is reduced, the levels of transformer and activator would start out low, and form a gradient in which the ratio for en-2 induction is reached closer to the posterior end. This would leave adequate space for the activator to escape from the transformer, leading to Xanf-2 induction. Finally, in some cases, the amounts of transformer could be so low that only Xanf-2 is induced, and not en-2 (not depicted in graphs). Thus overall, the correlations between relative amounts of mesoderm and ectoderm with the spatial patterns of gene expression are compatible with the two signal, gradient model.
Evidence that the inducing signals spread through the plane of ectoderm is found in recombinates in which the mesoderm is at some distance from the ectoderm -expressing Xanf-2 (if it is assumed that the mesoderm did not move after induction). This is consistent with previous evidence for planar induction of AP neural pattern (Blitz and Cho, 1995; Doniach, 1993; Mathers et al., 1995) .
In addition to supporting a gradient model, our results argue against other models that can be proposed to explain induction of AP neural pattern. First, they do not support a model in which there are multiple, nonoverlapping inducers distributed along the AP axis, in which each specify a different element of the AP pattern. We have shown that posterior mesoderm can induce anterior neural pattern (when the mesoderm/ectoderm ratio is low, or in dorsal ectoderm), which indicates that ante-rior inducer is present in both anterior and posterior dorsal mesoderm. Second, although a model in which there is a cascade or relay mechanism specifying AP neural pattern is consistent with some of our results, it is not supported by all of them. In such a model, induction is initiated by a signal from the posterior mesoderm to the posterior ectoderm, which triggers a cascade of inducers synthesized in the ectoderm which propagates from posterior to anterior. In this model, the induction of anterior neural tissue depends on the induction of intermediate neural tissue types. However, the fact that that the anterior neural marker Xunf-2 was expressed without expression of the mid-neural marker en-2 argues against this model as it stands.
Gradients in other systems
Quantitative mechanisms in which a morphogen gradient provides positional information for the formation of spatial pattern have been proposed in several other systems (Wolpert, 1989) . These serve as useful comparisons, although they differ from neural induction in that the proposed morphogens act upon the tissue in which they are produced, rather than as inducers of a separate tissue. In Xenopus, experiments with purified mesoderm inducing factors suggest that patterning during mesoderm induction involves a gradient of inducers in Xenopus (Green et al., 1992; Gurdon et al., 1994) . Recent experiments have indicated that mesoderm inducers act by direct diffusion, rather than a relay mechanism (Gurdon et al., 1994) ; however secondary interactions between responding cells appear to be required to generate multiple responses to different concentrations of inducers (Green et al., 1994; Wilson and Melton, 1994) . In chicks, there is evidence that a gradient mechanism specifies digit type along the AP axis of the developing limb bud. This was first discovered by testing different amounts of inducing tissue (Tickle, 1981) and is now being unravelled at the molecular level, with retinoic acid and hedgehog as two potential morphogens (Riddle et al., 1993; Helms et al., 1994) . In Drosophila, at least three extracellular factors that behave as morphogens, decupentuplegic (Ferguson and Anderson, 1992) , hedgehog and wingless , have been identified.
Molecular candidates for induction of AP neural pattern in Xenopus
Our experiments do not allow us to determine beyond the formal level the actual number of signals responsible for inducing AP neural pattern, or whether these signals act directly or indirectly. At a molecular level, the recent isolation of neural inducer molecules from Xenopus also support the two signal model. These molecules, noggin (Lamb et al., 1993) and follistatin (Hemmati-Brivanlou et al., 1994) and chordin (Holley et al., 1995) induce anterior neural tissue only, and are therefore candidates for the activator. In addition, possible candidates for the transformer are retinoic acid, which has a partial posteriorizing effect on neural tissue (see Slack and Tannahill, 1992 for summary) and FGF, which is distributed in a suggestive gradient along the AP axis . Other molecules, such as members of the wnt, hedgehog and bone morphogenetic factor families of secreted factors may also play a role in this process; hedgehog and wnts are known to be expressed in the developing nervous system (Echelard et al., 1993; Moon, 1993) . These factors can be tested for posteriorizing effects on neural pattern of explanted ectoderm from Xenopus embryos. By comparing the properties of the inducing signals from the embryo with those of purified inducing signals, we hope to understand the mechanisms that direct the induction of AP neural pattern in the intact embryo.
Experimental procedures
Embryos
Albino eggs were fertilized in vitro and dejellied in cysteine using standard methods, raised in 10% MMR (Peng, 1991) at 15-22"C, and stained lightly with Nile Blue at stage 8-9 (1 drop of filtered 1% Nile Blue sulfate (Aldrich) in 5-10 ml 10% MMR for l-3 min.). Embryos staged according to Nieuwkoop and Faber (1967) .
Lineage labelling
Fertilized eggs were placed on 1OOOpm nylon mesh in 5% Ficoll (400 DL, Sigma) in 33% MMR and injected with 5 nl of 25 mg/ml cascade blue dextran (lysinated, 10 kDa, Molecular Probes). This was detected using antibodies (l/500 dilution of rabbit anti-cascade blue (Molecular Probes) followed by 11500 dilution of goatanti-rabbit-Cy-3 (Jackson Immunochemicals) as described in Section 4.4.3.5). Cy-3 fluorescence was detected using a rhodamine filter set. (Fig. IA) Anterior and posterior dorsal mesoderm were explanted by isolating a rectangle of tissue from the dorsal marginal zone of early gastrulae (stage lO-lo+; approximately 700,~m (60°C) wide and 300-350pm from bottle cells to animal (upper) margin), removing the involuted cells (consisting of pharyngeal endoderm and some of the head mesoderm), and cutting it into vegetal ('anterior') and animal ('posterior') halves (surface endoderm was left on). We estimate a cutting variation of +50pm. Ectoderm was explanted from stage lO-lO+ embryos by cutting a 700 x 1250pm strip of ectoderm reaching from 550,~m above the bottle cells on the dorsal side to -1OOpm above the blastocoel floor on the ventral side.
Explants and recombinates
This was cut into thirds for ventral, animal pole and dorsal ectoderm, or to isolate ventral plus animal pole ectoderm, the dorsal third was removed. Mesoderm/ectoderm recombinates ('vertical') were made by apposing inner surfaces of one piece each of mesoderm and ectoderm and culturing flat beneath a coverslip resting on vacuum grease (silicone, high vacuum, Dow-Corning) until control stages 20-24. When recombinates of posterior mesoderm and ventral plus animal pole ectoderm were made, the mesoderm was placed in contact with only one half of the ectoderm, to give maximum space for potential inducing signals to spread into the ectoderm. Surgery and cultures were done in filter-sterilized Sater's Danilchik's medium (pH 8.1, containing 50 pglml gentamycin sulfate, 100 u/ml penicillin, 100 lug/ml streptomycin sulfate, 0.1% BSA (Sater et al., 1993) ) in 3.5 cm plastic tissue culture dishes, on a water-cooled stage at 15"C, under a stereomicroscope.
Vitelline envelopes were removed with forceps, and cutting and other manipulations were done using an eyebrow hair knife and a hair loop. Tools were sterilized in 70% isopropanol. Tissue measurements were made using a calibrated ocular micrometer. Glass coverslip pieces (approx. 4 x 7 mm) were cut with a diamond pencil and sterilized by baking at 180°C. With one exception (whole dorsal mesoderm with ventral ectoderm), each recombinate type was made using embryos from at least three different frogs.
In situ hybridization
Whole mount in situ hybridization was performed as described in Harland (199 1) with modifications described below.
Fixation
Samples were fixed in the culture dish, underneath original coverslips. Before fixation, whole embryos were made into dorsal 'filets' by removing the belly region and then pressing under a coverslip (with vacuum grease). After fixation, 100% methanol was added to the dishes at room temperature for 1 h (minimum) or at -20°C for longer storage.
Mounting on slides
In situs were carried out with samples mounted on microscope slides. 4.4.2.1. Slide preparation. Twenty-five microliters of subbing solution (0.1% poly-L-lysine (MW 150-300 kDa, Sigma), 0.2% gelatin (300 bloom, Sigma), 0.01% chromium potassium sulfate (Sulston and Hodgkin, 1988) were pressed between two clean glass microscope slides which were separated and dried on a warm plate (-60°C) on aluminum foil. Sylgard (400 elastomer, Dow Corning) was poured into a -2 mm layer on a clean glass plate (taped around to form a wall) and set overnight at 60°C.
A frame was cut that fit within the subbed slides and glued down with silicone household glue/sealant (DowCorning) (subbed Chamber slides (Nunc) can be used, without chamber). 4.4.2.2. Sample mounting. Methanol was removed from the samples, still in their original culture dish, and DEPC ddH20 added twice. Coverslips were removed and samples gently loosened with eyelash, collected in a pipet and lowered in a bead of water onto the slide (to which they adhered instantly), and gently pressed against the slide with an eyelash to maximize contact. Slides were marked with a diamond pencil and stored in methanol (in a screwcap coplin jar) at -20°C.
In situ hybridization
Samples were agitated during washes on rocker platform.
4.4.3.1. Pre-hybridization. As in Harland (1991) (treated for 15 min with lOpg/ml Proteinase K, 0.5 ml per slide). During prehybridization, slides were placed on applicator sticks in a closed plastic container lined with paper towels ('humid chamber') moistened with 50% formamide, 5~ ssc.
l/500 dilution of rabbit-anti-cascade blue (Molecular Probes) 4-8 h at room temperature or overnight at 4°C in a humid chamber (using MAB or Hz0 to moisten towels); (2) rinsed in MTw, and washed five times for 30 min in MTw (room temperature), then washed in AP buffer (Harland, 1991 ) twice for 5 min, then incubated in AP buffer containing 0.175 mg/ml magenta-phos (Biosynth  International) at 37°C for l-3 days; (3) washed twice for 5 min in MAB, dehydrated in MeOH for 30 min to inactivate AP and dehydrate samples, cleared in 2:l benzyl benzoate/benzyl alcohol (BB:BA) and scored or photographed; (4) soaked in MeOH twice for 5 min to remove BB:BA, soaked in MAB twice for 5 min, blocked in 0.5 ml of BR-MAB 30 min; (5) incubated in l/1500 dilution of AP-anti-fluorescein (Boehringer) and l/500 Cy3-anti-rabbit (Jackson Immunochemicals) as in step (1). (Samples were kept in the dark in all subsequent steps to prevent photobleaching of the Cy3.) (6) Repeated steps (l-4), BCIP (Biosynth International) instead of magenta phos; (7) blocked for 1 h in 0.5 ml 0.5% rabbit serum (inactivated 30 min, 56°C) in BR-MAB to block binding of the rabbit antibody in the next step; (8) incubated in l/2000 AP-anti-DNP (Molecular Probes) in BR-MAB; (9) repeated steps (l-4) using 0.3375 mg/ml NBT (Biosynth International) and BCIP (as in step (6)); stained for 4-8 h at room temperature.
Photography
Samples were photographed on a Zeiss Axiophot microscope using Ektachrome 64T or 160T slide film. Color images were then scanned from prints using a UMAX flat-bed scanner, their contrast increased using Adobe Photoshop, then reprinted with a Codonics NP-1600 color printer.
